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Abstract 
The Calcium Looping (CaL) process using CaO as sorbent for capturing CO2 from flue gases is a promising post-
combustion CO2-capture technology that is economically competitive with other capture technologies with an 
overall increased output in electric power and a low electric efficiency penalty associated with CO2 capture. The 
process can be realized in a Dual Fluidized Bed (DFB) system utilizing a Circulating Fluidized Bed (CFB) reactor as 
carbonator operating at 600-700 °C and a second CFB as regenerator operating at temperatures between 850-950 °C. 
The separation of CO2 from the flue gas takes place through the carbonation reaction (CaO+CO2→CaCO3). The 
regeneration of the sorbent is realized via the reverse reaction in the regenerator at higher temperatures.  
 
The feasibility of the CaL process has already been shown at IFK, University of Stuttgart on a lab-scale size. In 
order to investigate the calcium looping process using real combustion flue gas and to evaluate the process on a 
long-term basis, a 200 kWth pilot plant has been built at IFK. This paper delineates the design of the pilot plant to 
capture over 90% CO2 and provides an overview of the main components and the control philosophy. First results 
from the successful commissioning of the pilot plant are also shown. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The Calcium Looping (CaL) process using CaO as sorbent for capturing CO2 from flue gases is a promising post-
combustion CO2-capture technology that is economically competitive with other capture technologies [1] with an 
overall increased output in electric power and a low electric efficiency penalty associated with CO2 capture [2]. The 
process, depicted in Figure 1, can be realized in a Dual Fluidized Bed (DFB) system utilizing a Circulating Fluidized 
Bed (CFB) reactor as carbonator operating at 600-700 °C and a second CFB as regenerator operating at 
temperatures between 850-950 °C. The separation of CO2 from the flue gas takes place through the carbonation 
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reaction (CaO+CO2→CaCO3). The regeneration of the sorbent is realized via the reverse reaction in the regenerator 
at higher temperatures. 
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Figure 1: The calcium looping (CaL) process diagram   
 
The feasibility of the CaL process has already been shown on a lab-scale, electrically heated 10 kWth Dual 
Fluidized Bed (DFB) at IFK, University of Stuttgart, consisting of a Bubbling Fluidized Bed (BFB) and a 
Circulating Fluidized Bed (CFB) and the influence of critical process parameters (e.g. looping ratio and space time) 
on capture efficiency as well as the hydrodynamic performance have been investigated [3, 4]. In another paper for 
this conference [5], calcium looping results from three different lab scale facilities using synthetic flue gas (IFK, 
CSIC, and CANMET) were compared. The results: good agreement with respect to key operating parameters and 
high CO2 capture was obtained in all facilities although they had different configurations and operated in different 
hydrodynamic regimes. In order to investigate the Calcium Looping (CaL) process using real combustion flue gas 
and to evaluate the process on a long-term basis, a 200 kWth pilot plant has been built at IFK. This paper delineates 
the design of the pilot plant and provides an overview of the main components and the control philosophy. First 
results from the successful commissioning of the pilot plant are also shown.  
2. Pilot Plant Design Methodology and Boundary Conditions  
The 200 kWth calcium looping pilot plant has the following aims: a) demonstrate calcium looping with over 90% 
CO2 capture on a pilot scale, operating as an independent unit providing temperature with its own process heat, b) 
demonstrate Calcium Looping under realistic operating conditions, removing CO2 from real combustion gas, and 
investigating the effects of long-term operation (sorbent activity, ash effects) with respect to CO2 capture efficiency, 
c) optimize Calcium Looping process parameters to obtain over 90% CO2 capture, d) utilize experimental data and 
experience gained for scaling up the process (i.e. for a demonstration plant).  
The pilot plant was designed so that a test campaign would last 7 days, operating continuously 24 h a day so that 
a stationary-state with respect to sorbent (calcined limestone) activity can be obtained. The data from the long-term 
tests will be used for future scale up and economic evaluation of the technology.  
The flue gas flow rate to the carbonator is equivalent to that exiting a 200 kWth combustor. The regenerator is 
capable of operating in either air-blown or oxyfuel mode. The dual fluidized bed system has to be flexible and 
robust over a wide range of operating conditions. Furthermore, the DFB system should be so designed, that it can 
control the following process parameters independently of one another: a) calcium looping rate, b) make-up looping 
ratio, c) carbonator sorbent bed inventory, d) carbonator temperature, and e) regenerator temperature. 
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2.1. Design Methodology 
The simplified design methodology is displayed in figure 2. Due to the complexity of the design process, only 
selected parts are presented in the following analysis.   
 
Figure 2: simplified calcium looping design methodology 
2.2. Carbonator Design 
As shown experimentally in IFK’s 10 kWth facility [3], the activity of the carbonator sorbent is one of the key 
determining factors for CO2 capture. Therefore, the authors use the term active space time as a proximate parameter 
for the design process. The active space time, a, is defined as follows: 
Where NCa is the number of moles of calcium in the bed, fa is the free active fraction. Based on reactor modeling 
and previous experimental results, an appropriate active space time for high CO2 capture was selected, resulting in 
the required range of free active calcium as a function of bed inventory. For a sulphur-free system, this fraction is 
limited by the process mass balance and the maximum carbonation conversion (Xmax), since;   
 whereby, Xcarb is the carbonated fraction resulting from the process mass balance. The maximum carbonation 
conversion, Xmax, which decays over multiple calcination-carbonation cycles, is calculated as a function of the 
calcium looping ratio and the make-up ratio. An example is shown by Hawthorne et al. [6]. Therefore, only one 
F0/FCa ratio can produce a specific Xmax for a constant CO2 capture efficiency (ECO2). Based on this methodology, a 
combination of calcium looping ratio, make-up ratio, and carbonator bed inventory values were input into the 
simulation of the pilot plant to calculate the resulting outputs from the pilot plant such as required heat release in the 
carbonator, solid & gas residence times, gas flows, etc.   
2.3. Dual Fluidized Bed hydrodynamic design - research and development 
The DFB had to fulfill the following criteria: a) maintain constant looping of solid material between the 
carbonator and regenerator with minimal gas leakage (contamination), b) control the looping rate between reactors 
over a wide range of values: looping ratios from 4-16, c) operate in stable fashion under dense circulating bed 
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conditions. In order to verify the hydrodynamic design and operability of the planned pilot plant, a scaled cold 
model was designed and constructed according to scaling criteria by Glicksman [7].  
 
A geometric scale of 1:2.5 was chosen in order to minimize wall effects. A cone valve was chosen to control the 
looping rate between the carbonator and regenerator as it had previously been demonstrated on IFK’s 10 kWth 
facility and is commonly utilized on the commercial scale. The connection between the carbonator and regenerator 
is shown in figure 3. The application of two CFB’s coupled with two cone valves required a redesign and 
modification of the loop seal in order to achieve the required looping ratios and to ensure stable operation. The 
results showed that the pilot plant facility should be able to achieve a wide range of looping rates as well as a wide 
range of carbonator bed inventory.  
2.4. Process Simulation  
A process simulation based on the preceding data was programmed in HSC Chemistry 6. The process flow 
diagram of the facility is represented in the following figure.  
 
 
Figure 3: Process flow diagram of the 200 kWth calcium looping pilot plant 
 
The facility is designed with flexibility in mind and is capable of a wide range of different operating conditions 
that are of economic and scientific interest to the Calcium Looping process.  
 
Table: Facility operating range 
Parameter Unit Minimum Maximum 
Carbonator Thermal Input  kWth 170 230 
Looping Ratio -- 4 14 
Make-up Ratio -- 0 0.3 
Carbonator Temperature °C 600 700 
Regenerator Temperature °C 850 950 
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3.  Pilot Plant Detailed Engineering 
 The detailed engineering based on figure 3 is presented in this section. A coupled reactor system of three 
reactors, the flue gas generator (combustor), the carbonator and the regenerator, were designed and built (figure 4). 
The main reactors of the CO2 capture facility are two coupled circulating fluidized bed (CFB) Reactors (figure 5). 
The two calcium looping reactors, carbonator and regenerator (figure 4: B, C), have a height of 10m. The combustor 
(figure 4: A) has a height of 6m. All reactors are lined with abrasion-resistant refractory material as well as isolating 
concrete in order to reduce the heat loss through the walls so that the surface temperature to minimize heat loss and 
simulate realistic process conditions. A water cooled double steel jacket maintains the outside wall temperature at 
30°C. All other solid carrying parts like e.g. the standpipes, loops seals, are constructed of high temperature steel in 
order to keep the facility flexible for future changes. The heat expansion of such parts is compensated by bellow 
expansion joints. 
3.1. Solid Circulation
The circulation of the sorbent between carbonator 
and regenerator is elementary for the calcium 
looping process. Therefore, the function as well as 
the design principle will be explained quickly. 
The carbonator (figure 5: a) is fluidized with flue 
gas and the CO2 captured by the CaO bed material. 
The carbonated entrained material leaves the 
reactor entering a cyclone (c) in order to separate the 
solids and the CO2 lean gas flow. Carbonated solids 
are led through a standpipe and feed to the loop seal
with cone valve (e). By means of the cone valve (e) 
the solid flux can be split and partially transferred 
into the regenerator (b). The main advantage using a 
cone valve as the split device is that the amount of 
circulated mass between the reactors is independent 
of the fluidization velocity in the reactor. The 
circulation rate towards the regenerator can be 
controlled by the opening position of the cone-valve. 
Thereby circulation rates from 0-80% of the riser 
entrainment can be reached. Both reactors are 
symmetric so that the fresh, calcined material is 
circulated back towards the carbonator by means of 
a second loop seal with cone valve (f).  
In order to determine the exact solid looping 
ratio, mass flow measurement units were installed into each solid circulation pipe as shown in figure 4 (F).  
3.2. Gas Supply 
The gas supply of the calcium looping facility is realized via various components. The main gas supply over the 
distributors of all reactors or staged gas supply respectively is realized with high pressure blowers (figure 4 G), 
either with ambient air or recirculation gas. Additionally, CO2, N2 and O2 is provided from tanks and fed at different 
points by means of mass flow controllers (MFCs).  
In case of the combustor, ambient air fluidizes the reactor bottom and is fed as secondary air through nozzles. 
The flue gas, provided by the combustor is filtered (M) and compressed with a second blower (G) and finally 
injected into the carbonator through the distributor. As an alternative to the combustor flue gas, it is also possible to 
feed a synthetic flue gas mixture of ambient air and CO2 to the carbonator. The regenerator is designated to run in 
oxy-fuel mode. Therefore CO2-rich flue gas is recycled and combined with oxygen before being injected into the 
 
Figure 4: Layout of the Calcium Looping Facility 
C. Hawthorne et al. / Energy Procedia 4 (2011) 441–448 445
6 C. Hawthornea*, H. Dietera, A. Bidwea, A. Schustera, G. Scheffknechta, S. Unterbergerb, M. Käßb / Energy Procedia 00 (2010) 000–000 
reactor through the distributor (figure 5: b) or through secondary (g) and tertiary (h) gas nozzles. The oxygen 
concentration at the three different injection points can be controlled separately with MFCs.  
In addition, other components of the facility, such as loop seals (figure 5: e, f) and bed discharge (figure 4: Q) are 
supplied with process- or flushing-gas. Since the loop seals are components critical for the stability of the reactor 
system, the fluidization of which is accomplished by means of MFCs. Moreover the kind of gas can be varied 
between CO2, N2 and compressed air. 
3.3. Fuel and Limestone Metering System
The accurate and controlled supply of fuel to the combustor and 
regenerator as well as limestone make-up is important for the process 
to achieve constant experimental conditions. Therefore loss-in-weight 
feeders are used to generate a controlled, constant mass flow. 
Accuracies of 1% and better can be achieved. 
Two metering units (figure 4: H), consisting of one fuel and one 
limestone feeder, control the input of fuel and limestone into the 
combustor and regenerator respectively. Each loss-in-weight feeder is 
refilled automatically by its own refill feeder with a minimum buffer 
of 1h, so that storage containers (H) for fuel and limestone can be 
refilled without disrupting the supply. 
Below the solid metering units, fuel and fresh limestone are lead 
together through leader pipes to be fed into the reactors close to the 
bottom. Rotary valves are employed to decouple the reactors pressure 
level from the atmospheric metering system. 
The facility was designed to be operated with different kinds of 
fuels and limestone. The main utilized fuel will be coal. But other 
kinds of fuels such as wood pellets or wood chips could be an option 
in order to carry out different experiments e.g. without the influence 
of sulfur or fuel ash.  
3.4. Flue Gas Train 
Since the flue gases of all facility trains leave the cyclones at high 
temperatures and still little solid load, flue gas treatment is necessary. 
Therefore the hot gas is first cooled down to temperatures around 
150°C, either via gas coolers (figure 4: K) or a water quench (L), and 
then the flue gases are dedusted by bag filters (M) before they are 
either recirculated via high pressure blowers (G) or removed from the 
system by the ID fan (O). The pressure in each of the three trains can 
be independently controlled by means of pressure control valves (N) which are placed before the ID fan.  
3.5. Process Cooling System 
Process temperatures in many components of the facility must be accomplished via heat exchangers integrated in 
the cooling system. The combustion reactor as well as the carbonator have water-cooled heat exchangers in the 
dense bed region (figure 4: I) and bayonet coolers (J) in the lean bed region. The regenerator does not require 
cooling since the endothermic calcination-reaction will consume the heat produced by internal combustion. 
Nevertheless, bayonet coolers are included for cases in which the regenerator operates as a stand-alone CFB oxyfuel 
combustor.  To control the cooling power of each heat exchanger the insert position of each tube can be varied 
which goes along with a variation of the effective heat exchange surface.  
The combustor and regenerator flue gas temperature are controlled by water-cooled shell and tube heat 
exchangers (K) in combination with a bypass. All water cooled heat exchangers used, such as bed-, bayonet and gas 
 
Figure 5: Coupled calcium looping DFB  
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coolers possess their own mixing circuit on the water side and are fed with an extra pump to control the outlet-water 
temperature of each heat exchanger.  
3.6. Heating up the facility to start experiments 
Since the facility has no internal electrical heating, the reactors need to be heated up to process temperature by an 
external source before fuel can be introduced to generate the required heat. Therefore, a 400 kW excess air gas 
burner (figure 4: P) is used to generate hot combustion gas (temperature and thermal power variable) that is 
distributed between the three reactor trains.  
 
 
Figure 6: Completed calcium looping pilot plant 
4. Instrumentation & Control 
The facility is fully automated with safety interlocks and contains over 250 sensors and over 40 control loops. 
Both pressure and temperature are measured at appropriate intervals over the entire height of all reactors. 
Furthermore, the inlet and outlet gas flows are measured along with the concentration of all important gaseous 
components in order to close the CO2 mass balance and accurately calculate the true CO2 capture efficiency. All 
reactors are equipped with custom-designed probes to continuously measure the gas concentration inside the reactor 
at various heights. The resulting gas-concentration profiles and pressure profiles (bed inventory distribution) will be 
used to validate existing carbonator models [6].  
The looping rate between the carbonator and regenerator is measured with a specially modified sensor and is 
calibrated online by a mass flow measurement unit (figure 4: F). Solid samples can be obtained at virtually every 
point in the solid loop in order to chemically and physically characterize the sorbent.  The process control system 
including electrical cabinet, PLC, and software is from Schneider Electric SA.  
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5. Commissioning 
The facility was officially commissioned on May 
12th, 2010 [8]. Each plant component was tested 
independently before the entire system was taken into 
combined operation. The pilot plant has been heated 
up to process temperatures using the excess air burner 
described in section 3.6 in order to thermally treat the 
reactor refractory. After passing a pressure leak test, 
the pilot plant was operated as a dual fluidized bed 
calcium looping reactor at ambient temperature to 
validate the system operability. Figure 7 shows a 
typical carbonator pressure profile operating with 
limestone as the bed material having an internal 
circulation rate equivalent to a calcium looping ratio 
of over 14.  The facility operated stably and well as a 
dual fluidized bed. The cone-valve system proved 
stable and capable of accurately controlling the 
calcium looping rate. The cold pilot plant results 
show that the design specifications to achieve over 
90% CO2 capture have been met.  
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Figure 7: Carbonator pressure profile 
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